Fatigue is investigated in epitaxial Pb͑Zr, Ti͒O 3 films grown on SrRuO 3 / SrTiO 3 substrates with Pt or SrRuO 3 ͑SRO͒ top electrodes. It was experimentally determined that fatigue occurs irrespective of whether the top electrode is Pt or SRO. The fatigue behavior is strongly dependent on the frequency. A polarization recovery was observed for both types of top electrodes, but the recovery is almost complete for a SRO top electrode and only about 40% from the initial polarization value for Pt top electrodes. The results are tentatively explained by the frequency response of the deep traps and by migration of oxygen vacancies.
Polarization fatigue is one of the most detrimental effects in the use of Pb͑Zr, Ti͒O 3 ͑PZT͒ thin films for nonvolatile memory applications. 1 Many studies were dedicated to the investigation of this phenomenon and several fatigue models based exclusively on data acquired on polycrystalline films were proposed. [2] [3] [4] [5] [6] It is generally accepted that the fatigue occurs in PZT films with platinum contacts, i.e., Pt/ PZT/Pt structures, and is absent if Pt is replaced with conductive oxides such as RuO 2 , IrO 2 , or SrRuO 3 ͑SRO͒. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] A fatigue study performed at different frequencies on high quality epitaxial PZT films deposited on ͑100͒-oriented SrTiO 3 ͑STO͒ substrates with either a Pt or a SrRuO 3 ͑SRO͒ top electrode is reported on in this letter. It is shown that under certain conditions the fatigue occurred irrespective of the top electrode. Additionally, polarization recovery during the fatigue test was observed for both types of electrodes.
The PZT/SRO heterostructure was fabricated by pulsedlaser deposition ͑PLD͒, employing a KrF excimer laser ͑ = 248 nm͒. Single-crystalline SrTiO 3 ͑100͒ substrates with a miscut angle between 0.1 and 0.25°were used to epitaxially grow the heterostructure. The SrRuO 3 ͑SRO͒ layer was deposited at a temperature of T = 700°C in a background atmosphere of 100 mTorr oxygen. The subsequent PbZr 0.2 Ti 0.8 O 3 ͑PZT͒ layer was grown at T = 575°C in 200 mTorr oxygen. The surface morphology of the layers was investigated by atomic force microscopy ͑AFM͒, indicating step-flow growth with step bunching for the SRO layer and layer-by-layer growth for the PZT layer. The thickness of the films was 150 nm as determined by cross-section transmission electron microscopy ͑TEM͒ investigations. TEM and electron diffraction investigations ͑not shown͒ proved the epitaxy of the grown SRO electrodes and PZT films. The top electrode was either Pt or SRO/Pt, with different areas ͑0.002 and 0.091 mm 2 ͒. In the following the Pt/PZT/SRO structures will be denoted as S1 whereas the Pt/SRO/PZT/SRO structures will be denoted as S2.
The hysteresis and fatigue measurements were performed using the TF2000 Analyzer ͑AixaCCT͒. The dynamic hysteresis was measured at a frequency of 1 kHz and with a maximum amplitude of 5 V. The fatigue investigations were performed by applying 5 V amplitude bipolar pulses with repetition frequencies ranging from 1 kHz up to 1 MHz. Figure 1 shows the fatigue measurements performed at different frequencies on the Pt top electrodes. One can readily see that the fatigue is accelerated if the frequency of the test signal is decreased. At 1 MHz the polarization decreases by about 18% from the initial value whereas for lower frequencies the fatigue can be as high as 90% of the initial value. The fatigue already occurs after a smaller number of cycles with decreasing frequency. A partial recovery of the polarization, to about 40% of the initial value, occurs after 5 ϫ 10 6 cycles at the frequencies of 1 kHz. For lower frequencies ͑100 Hz͒ the behavior seems to be the same as for 1 kHz, although the partly recovering of polarization is often hidden by a large increase in the leakage current. Figure 2 shows the results of the fatigue tests for SRO top electrodes. At 1 MHz no fatigue is observed up to 10 cycles, in agreement with previous reports on PZT films with SRO electrodes. 9 However, a drastic decrease of the remnant polarization is observed for fatigue with lower frequencies. The polarization falls sharply down to about 15% from its initial value. As in the case of Pt top electrodes, it appears that the minimum polarization value due to fatigue does not depend on the frequency of the fatigue voltage for the investigated range of 100-1 kHz. Significant polarization recovery starts to occur at 10 kHz and is very pronounced at 1 kHz. For 1 kHz the recovered polarization value, after subtracting the leakage current contribution to the integrated charge, is about 90% from the initial value.
First, to the best of our knowledge no fatigue has ever been reported on the SRO/PZT/SRO system. Whereas fatigue of PZT films with at least one Pt electrode is generally accepted, SRO electrodes were considered to guarantee fatigue-free behavior. A surprising result is also the observed polarization recovery. A polarization increase during the first stages of the fatigue was theoretically predicted and experimentally demonstrated for fatigue tests up to 10 3 cycles. 17 It was shown that at the beginning of the fatigue measurement ͑up to 100 cycles͒ the polarization slightly increases to a maximum and then drops due to fatigue and, in addition, a partial recovery of the piezoelectric coefficient in PZT polycrystalline films was reported. 18 In our case recovery occurs at the end of the fatigue measurement. The polarization goes through a minimum value then increases and recovers to almost the full value in the case of a top SRO contact and only about 40% for a Pt top electrode.
For the above experimental results, it can be observed that the fatigue behavior of an epitaxial PZT is qualitatively the same irrespective of the top electrode, i.e., Pt or SRO. In both cases the fatigue is faster for low frequencies, and a process of polarization recovery is present; and for low frequencies ͑ഛ1 kHz͒ the initial imprint disappears and the hysteresis loop becomes symmetrical. The differences are only quantitative: the recovered value of the polarization is smaller for a Pt electrode ͑about 40% of the initial value͒ than for SRO ͑about 90% of the initial value͒, and the recovery process occurs at 1 kHz and below and starts after 5 ϫ 10 6 cycles for Pt electrodes whereas for SRO electrodes it occurs at frequencies of 10 kHz and below and starts after 5 ϫ 10 4 cycles. A tentative explanation of the above results has to take into account that the polarization switching process involves two steps: ͑1͒ polarization switching in which the domains with opposite polarization orientation nucleate and grow and, ͑2͒ compensation of the depolarizing field after switching. The switching processes ͑first step͒ is very rapid, as was experimentally shown. 19 The subsequent compensation, or polarization screening, can be a slower process because it requires a re-arrangement of the charges in the entire metalferroelectric-metal system. The compensation is performed not only with free charges from the electrodes but also with free charges from the film. In addition, there is a charge source that has systematically been neglected, mostly in the Pb-based ferroelectrics: the trapped charges in the film. Under certain conditions the electrically active traps that are within the band gap can either trap or de-trap charge carriers, in other words the traps contribute to the polarization screening. The trap response to an external periodic voltage affecting the band-bending near the electrode interfaces, depending on the energetic depth of the traps in the forbidden band of the material, could be very slow. 20 An additional process that can occur under an applied periodic voltage is the migration of some structural defects, as oxygen vacancies, known to have a very low mobility in ferroelectric perovskites. 21 Given these conditions, the following scenario can be imagined. At high frequencies of 1 MHz neither the oxygen vacancies nor the deep traps respond to the applied voltage. The compensation of the polarization charges is performed mainly with free carriers from the electrodes. Therefore, the volume of the film remains unchanged during the fatigue measurement. As a result, the polarization value will not change too much during the fatigue test. The small reduction of the polarization in the case of a Pt top electrode can be related to a partial ordering of oxygen vacancies, generating pinning centers for the ferroelectric domains at the interface between the ferroelectric film and the Pt electrode. 22 At a lower frequency, the oxygen vacancies will start to migrate and the trapped charges will gradually respond to the applied voltage. The rearrangement of the oxygen vacancies will affect the ferroelectric domains, impeding their switching and leading to a considerable decrease in the polarization value. 22 The rearrangement will end after a certain number of cycles and then a recovery process might start. Recovery can occur if the amount of the charged defects acting as pinning centers for the ferroelectric domains is reduced. This can occur by defect migration in the electrodes, as can be the case with oxygen vacancies. Additionally, at low frequencies the deep traps will follow the variation of the applied voltage, by trapping-detrapping carriers. This will lead to a further reduction of the ͑active͒ charged defects in the film. The trapped-detrapped carriers can contribute also to the polarization charge compensation. It can be imagined that at high frequencies the charged traps are "frozen," forming pinning centers for the ferroelectric domains and blocking carriers that otherwise can contribute to polarization compensation after switching. At lower frequencies the traps "de-freeze" and the above discussed effects become less important or disappear.
The different extent of recovery for Pt and SRO top electrodes can be explained by migration of oxygen vacan- cies. In the case of both bottom and top SRO electrodes, the oxygen vacancies will migrate and most of them will diffuse out into the electrodes. The recovery starts when the density of the oxygen vacancies decreases under a certain limit and the polarization can recover to almost its full initial value. In the case of a top Pt electrode, the oxygen vacancies can diffuse out only at the bottom electrode, while at the top Pt contact they order in stable networks. Thus, the oxygen vacancies cannot be totally eliminated from the film and the diffusion process might take longer than in the case of SRO top and bottom electrodes. At best, they will be uniformly distributed, as suggested by the absence of the imprint after fatigue with frequencies lower than 1 kHz. Nevertheless, the quantitative description should be confirmed by further detailed frequency and temperature-dependent fatigue investigations, in order to unveil the fatigue mechanism in PZT epitaxial films.
It can be argued that the fatigue of the epitaxial PZT films with a top SRO electrode can be specific to epitaxial structures, and it might be absent in polycrystalline films. In order to verify this we grew by PLD, at similar conditions as the epitaxial layers, a polycrystalline SRO-PZT-SRO structure on a SiO 2 / Si substrate. Fatigue measurements performed under the same conditions as for epitaxial layers showed surprising results ͑Fig. 3͒. For large electrodes ͑ 0.3 mm diam͒ fatigue is absent at higher frequencies and very small at 1 kHz, whereas for small area electrodes ͑ 55 m diam͒ fatigue does occur at frequencies lower than 10 kHz, with a polarization drop to about 15% of its initial value. This electrode area dependence of the fatigue was not observed in the case of the epitaxial films, although area perimeter effect on switching was already reported. 23 Obviously, in the case of polycrystalline films the actual microstructure, including grain boundaries, plays an important role, whereas in the epitaxial films the quality of the film is the same beneath the electrode irrespective of its area and extended defects such as grain boundaries are absent. The above results show clearly that for understanding the intrinsic mechanism of fatigue, epitaxial ͑possible single-crystal͒ layers that are free of internal boundaries and have well defined electrode-ferroelectric interfaces are the best choice.
In summary, it was experimentally determined that fatigue in PZT films epitaxially grown on SRO electrodes occurs irrespective of whether the top electrode is Pt or SRO. The fatigue behavior was strongly dependent on the frequency of the applied voltage. Polarization recovery was observed for both types of top electrodes, but the polarization recovery is almost complete for a SRO top electrode. The above results might complicate the present picture on fatigue mechanisms in Pb-based ferroelectrics. Further detailed investigations will be required in order to understand the influence of electrically active traps in switching and fatigue phenomena. Epitaxial films are required to unveil the intrinsic fatigue mechanisms in ferroelectric thin films. 
